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Abstract 15 
The successful realization of carrier-selective contacts for crystalline silicon (c-Si) based 16 
device for photocatalytic hydrogen production has been demonstrated. The proposed TiO2 17 
protected carrier-selective contacts resemble a metal-oxide-semiconductor configuration, 18 
including a highly-doped nanocrystalline silicon (nc-Si) and a tunnel oxide, thereby form a 19 
heterostructure with the c-Si substrate. By substituting conventional pn
+
-junction Si by c-20 
Si/SiOX/nc-Si structure for both front and back contacts we demonstrate a 16% increase in 21 
photovoltage (an open circuit voltage of 584 mV under AM 1.5G conditions). TiO2 protected 22 
carrier-selective photoelectrodes showed excellent long-term durability in acidic aqueous 23 
solution having stable photocurrent output for more than 40 days, implying that the proposed 24 
carrier-selective contact is a promising configuration to substitute for the conventional pn-25 
junction based c-Si photocathodes.  26 
1. Introduction 27 
Photoelectrochemical splitting of water into H2 (and O2) could become a key technology for 28 
making clean, sustainable fuels [1,2]. However, solar water splitting with a 29 
photoelectrochemical (PEC) cell has severe problems to overcome before commercialization 30 
is realistic. The most important problem is perhaps the efficiency. 2-photon device (tandem-) 31 
structures that use two different band gap materials (one with a wide gap combined with a 32 
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narrow gap) are optimally suited to maximize efficiency since the photovoltage provided by 1 
these optimized devices almost perfectly matches the voltage needed to split water [3–5]. In 2 
the case of the narrow Eg material, recent theoretical work has shown that Si has suitable Eg 3 
and band alignments for the photocathode of a tandem water splitting device [6,7]. Also, 4 
efficient H2 production (HER) with open circuit voltage above 0.5 V and photocurrent in 5 
excess of 20 mA cm
-2
 has been shown experimentally using pn
+
-Si photocathode with a 6 
homojunction architecture with a Pt co-catalyst [8–10]. However, the current state-of-the-art 7 
Si PEC photoelectrodes are still  far from the theoretical limits [11] which suggests a different 8 
approach is needed than the traditional Si pn-homojunction. To date, substantial effort been 9 
made to improve the performance of Si-based photocathodes [7–10,12–16]. Above all, 10 
carrier-selective contact designs borrowed from metal-oxide-semiconductor (MOS) Si solar 11 
cells have recently come into the spotlight because of their efficient carrier transport and low 12 
recombination rate [12,13,15]. One of the outstanding examples of this approach is the use of 13 
polycrystalline silicon (pc-Si) having ITO/pc-Si/SiO2/p-Si heterojunction photovoltaic (PV) 14 
cell by Feldmann et al. which reached an open circuit voltage (VOC) above 690 mV and a 15 
short-circuit current density (JSC) of 30 mA cm
-2
, due to minimized minority carrier 16 
recombination [17,18]. The key features of this structure are chemical surface passivation of 17 
the silicon by SiO2, in the form of a thin tunnelling interlayer, and selective carrier transport 18 
due to an energy barrier for majority carrier created by highly doped pc-Si. This PV–approach, 19 
however, cannot be used directly for PEC application, since photoelectrodes are operated in 20 
corrosive electrolytes, and thus need to be protected from corrosion [3,8]. Si-based 21 
photoanodes coupled to protective metal oxides, such as Ir/TiO2/n-Si [19] and 22 
NiOX/Ni/SiO2/n-Si [20], are examples which have shown rather good stability in the 23 
electrolytes (8 and 12 h, respectively) with an open circuit photovoltage (Vph) above 500 mV 24 
under oxygen evolution reaction (OER) conditions. Scheuermann et al. recently demonstrated 25 
a PV-assisted hybrid type MOS Si photoanode coupled with Ir (Ir/TiO2/SiO2/p
+
n-Si) for OER 26 
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which showed Vph above 600 mV in in ferri-/ferrocyanide [21]. In spite of above-mentioned 1 
successes in OER, very little work has been done studying photocatalytic HER with a MOS 2 
structure. Talin’s group demonstrated HER using Pt/Ti/SiO2/p-Si with Voc of 490 mV [15], 3 
and L. Ji et al. demonstrated a Pt/Ti/SrTiO3/p-Si structure for the improved long-term stability 4 
(~ 35 hours in 0.5M H2SO4) yielding on Voc of 450 mV [13]. However, these designs have 5 
limited photocurrent density due to light absorption by the metallic layers, and their HER 6 
performance has yet to show results that are superior to conventional (homojunction)-based Si 7 
photocathodes. Moreover, minimal energy level analysis has been done to understand how the 8 
carriers can be selectively injected from the MOS to the solid/liquid interface.  9 
In this work we apply a c-Si/SiOX/nc-Si structure approach to both front- and back contacts, 10 
which provide interface passivation and selective injection of minority- and majority carrier to 11 
the conducting protective layer and back contact, respectively. The main focus is on 12 
evaluation of the impact on photocathodic performance of passivating, carrier-selective back- 13 
and front contacts compared to conventional pn
+
-(homo) junction based Si photocathode. A 14 
transparent TiO2 film was sputtered on top of the highly doped nc-Si as a conducting 15 
protection layer, and Pt nanoparticles were subsequently drop-cast on the samples for 16 
photocatalytic hydrogen evolution in 1M HClO4. 17 
Using thin-film Si as a metallic layer has been employed in recent state-of-art MOS based PV 18 
cells
 
[18,22], however this approach has not been utilized in the more demanding 19 
photoelectrode application. Moreover, the detailed working principles based on the band 20 
energy analysis are outlined to understand how the carriers can be injected selectively and 21 
transferred to solid/liquid interface in PEC system. 22 
2. Methods 23 
2.1. Sample fabrication 24 
Si based photocathodes were fabricated using 350 μm thick CZ c-Si wafers (Topsil, 1-20 25 
ohm-cm, boron-doped, acceptor density NA ≈ 5·10
15
 cm
-3
) as a substrate, on which thin SiOX 26 
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(~ 1.5 nm) layers were chemically grown on RCA (Radio Corporation of America) cleaned 1 
[23] c-Si by oxidation in 68% HNO3 solution at 95˚C for 10 min. Next, the nc-Si films were 2 
grown at 580˚C in a low-pressure chemical vapour deposition (LPCVD) furnace at 200 mTorr 3 
with a 80 sccm silane flow and a 7 sccm PH3 or B2H6 flow, depending on the conductivity 4 
type (n
+
 or p
+
), resulting in growth of either 15 nm or 50 nm of n
+
 or p
+
 nc-Si layers (nc-Si:P 5 
and nc-Si:B,) respectively. Subsequently, the samples were annealed at 800˚C for an hour in 6 
an atmospheric pressure tube furnace under N2 flow. The n
+
 nc-Si:P is on the illuminated 7 
(front) side of the sample and the thickness is kept low (15 nm) to minimize parasitic photon 8 
loss in this layer. The p
+
 nc-Si:B layer is on the non-illuminated (back) side and the thickness 9 
does not matter for optical losses. Therefore, the back side thickness is increased to 50 nm to 10 
be able to accommodate reactions with Al during annealing, i.e. to make sure that annealing 11 
does not result in a usual Al/Si back contact. A mesa-isolated [8] nc-Si/SiO2/c-Si structure 12 
(hereafter denoted as a carrier-selective contact) with a plateau height of 3 μm was formed at 13 
the front side by photolithography and dry etching (Here, we used SF6, O2 and C4F8 gases in a 14 
“Pegasus” Deep Reactive Ion Etching system from SPTS Technologies). A metallic charge 15 
collecting layer was deposited on the backside at room temperature by e-beam evaporation of 16 
Figure 1. Schematic cross section of the device architecture with carrier-selective contacts 
used for photocatalytic activity (HER) experiments in this work (a). The light is illuminating 
the TiO2 side. (b) HRTEM bright field image of a cross-section of the front side of a similar 
device without a TiO2 layer, which shows the carrier-selective contact (c-Si/SiOX/nc-Si). 
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Al, then a Cu-wire was attached to it using Ag-paste as an electrical connect as described 1 
elsewhere [10]. In order to prevent corrosion or passivation of the Si surface a TiO2/Ti (100/5 2 
nm) protection layer was sputtered onto the n
+
 nc-Si using previously published methods 3 
[8,10]. The metallic Ti interlayer was deposited to prevent the Si surface from oxidation 4 
during the TiO2 deposition process as described elsewhere [8,10,24]. The schematic drawing 5 
of cross-sectional structure of the sample is shown in Figure 1a, and a high resolution 6 
transmission electron microscope (HRTEM) image presented in Figure 1b shows that an 7 
amorphous SiOX phase is present between the bulk c-Si and the thin nc-Si layer. Some samples 8 
received a 30-minute annealing at 420˚C in forming gas (5% H2 + 95% Ar; FG from now on) 9 
before or after the TiO2 deposition to improve the passivation quality of the oxide layer 10 
[25,26]. The surface was cleaned using a “piranha” solution (3:1 mixture of H2SO4 (98%) and 11 
H2O2 (35%) solutions), then rinsed with Millipore water and dried. Pt was used as a co-12 
catalyst for HER by having 2.5 μg per cm2 of a dinitrosulphatoplatinate solution drop-casted 13 
on the TiO2 surface as described elsewhere [8,10]. In some samples, conventional 14 
homogeneous pn
+
-junction Si was formed in the same manner as in previous works [10]
 
for 15 
use as control samples. All samples were sealed with epoxy (Loctite 1C Hysol) yielding an 16 
exposed surface area of approximately 0.2 cm
2
 (individually measured using the optical image 17 
analysis program ImageJ 1.46r).  18 
2.2. Characterization 19 
A 1000 W Xenon lamp (Oriel) was used either with an AM1.5 filter or an AM1.5 filter in 20 
addition to a 635 nm cut-off filter (i.e. λ > 635 nm to simulate the wavelengths and intensity 21 
which would be received by the narrow Eg cell of the tandem device [10]). The light intensity 22 
reaching the sample was measured via a spectroradiometer (Ocean Optics Inc, USB4000), and 23 
a Bio-Logic VSP potentiostat was used using EC Lab software for photoelectrochemical 24 
measurements. All cyclic voltammetry (CV) experiments were done in a 3 electrode H-cell in 25 
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an aqueous 1M HClO4 (Aldrich 99.99%) electrolyte. For all CV’s the electrodes were scanned 1 
at a sweep rate of 10 mV sec
-1
.  2 
A Pt mesh was used as a counter electrode and the reference was a saturated Hg/HgSO4 3 
electrode (Schott Instruments). The solution was purged with H2 gas for approximately 20 4 
minutes prior to any experiment. In order to determine the stability of the photocatalytic HER 5 
activity, the photocathode was evaluated by conducting chronoamperometry (CA) 6 
experiments under the same operating conditions used to perform the CV experiments for 41 7 
days. The working potential for the long term CA was chosen as the position of the maximum 8 
power point of the electrode. 9 
To determine band gap of nc-Si and TiO2 thin films, optical transmission measurements were 10 
performed using an integrating sphere (Mikropack ISP-50-8-R-GT). The formation of nc-11 
Si/SiOX/c-Si structure was verified with ex situ HRTEM (Titan 80-300, FEI) imaging at an 12 
accelerating voltage of 300 kV. 13 
3. Results and discussion 14 
As shown in Figure 1b, HR-TEM image of the nc-Si/SiOX/c-Si interface shows that 15 
amorphous SiOX phase is formed between the bulk and thin film Si layer. Figure 2 depicts the 16 
schematic energy diagram of the carrier-selective sample in equilibrium with H
+
/H2 reaction. 17 
Figure 2. Schematic band diagram of the sample in equilibrium with H
+
/H2 reaction. The 
diagram calculation procedure and required values for calculation can be found in the 
supporting information (Figure S1) of this work and elsewhere [8,10,27]. Note that values 
with grey and black arrow correspond to the depletion width and band gap, respectively. 
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This description relies on basic solid state physics principles and simplifies the understanding 1 
of how electron–hole pairs can be separated by a built-in electric field and then selectively 2 
transferred to the appropriate interface. The depletion layer thicknesses can be calculated as a 3 
function of voltage (see SI). This allows for the depletion layers through the device to be 4 
drawn in Figure 2. The detailed energy diagram and its calculation procedure can be found in 5 
supplementary content (SI)
‡
. The photo-generated electrons are swept away from the bulk 6 
silicon by a potential drop (downward band bending) at the negatively-charged inversion layer, 7 
which also repels holes.  The electrons can then tunnel through the SiOX into the conduction 8 
band of the TiO2 and ultimately to the platinum electrocatalyst. At the back-contact, the 9 
opposite is true and an upward band bending sweeps the holes away and reflects the electrons 10 
back into the bulk [18]. The band bending distance in the highly doped n
+
 nc-Si (phosphorus 11 
doped nc-Si) region was found to be approximately 0.8 nm. The high dopant density from the 12 
nc-Si should easily allow for electronic tunnelling from the Si to the Ti metallic layer [27]. 13 
From the previous Mott-Schottky analysis [8,10,24], the TiO2 conduction band (CB) was 14 
determined to be -0.05 V vs. RHE with a donor density level of 10
20
 cm
-3
, and the depletion 15 
width of the TiO2 at the interface was determined to be around 1.0(2) nm. As shown in Figure 16 
Figure 3. Transmittance spectra of n
+
-and p
+
-doped nc-Si deposited on a quartz substrates as 
optical characterization samples. The signal from the quartz substrate was subtracted as a 
background spectrum. Tauc plot converted from the transmittance to estimate its band gap 
also shown as an inset. 
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3, LPCVD deposited nc-Si films have a direct band gap of approximately 2.0 eV, which is 1 
likely due to hydrogenation of the silicon layers during the chemical gas reaction. The 2 
difference in apparent band gap for the two CVD grown films is probably due to different 3 
sizes of the nano-crystallites in the two materials. Generally, the crystallites of boron doped Si 4 
(p
+
 nc-Si) are smaller than phosphorus doped one (n
+
 nc-Si), resulting in an increased band 5 
gap [28,29]. 6 
The effects of carrier selective contacts on the PEC properties of the photocathodes were 7 
evaluated by measuring CV in 1M HClO4 under illumination (Figure 4), and the measured 8 
values are shown in Table 1. A photocathode with a carrier selective back contact and a 9 
conventional pn
+
-(homo)junction as a front junction (CS-1) showed considerable 10 
enhancement in Vph (approximately 27 mV) with a comparable FF (63.6%) to that of the 11 
conventional pn
+
-Si control sample. The improvement can be explained by the fact that the 12 
thin tunnel oxide (SiO2) layer at the back contact simultaneously reduces interface 13 
recombination of majority carriers
 
[18] and provides a barrier to reflect minority carriers back 14 
into the bulk
 
as illustrated in Figure 2. Another configuration using carrier selective contacts 15 
both at the back and front interfaces (CS-2) gives a Vph of approximately 20 mV with respect 16 
to the sample CS-1, reaching a value of ~536 mV vs. RHE, showing that the conventional 17 
homogeneous pn
+
-junction was successfully substituted by the heterogeneous MOS junction. 18 
Similarly to the previous back contact case (i.e. CS-1), we attribute this further increase in Vph 19 
and JL to improved surface passivation and enhanced minority carrier injection. The CV data 20 
indicates that both the p
+
 nc-Si and the n
+
 nc-Si layer provide a reasonably low resistance 21 
pathway, since the overall series resistance of the device is comparable to that of a 22 
conventional pn
+
-Si control device. These results demonstrate that adding highly doped nc-Si 23 
carrier selective contacts provide good passivation of both contacts. Besides improving 24 
photovoltage, the good optical transparency of the phosphorous doped n+ nc-Si thin film 25 
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architecture also improves the saturation photocurrent as fewer photons are absorbed before 1 
reaching the pure, bulk silicon. 2 
Table 1. Structure of samples used in present work and PEC performance under light 3 
illumination. 4 
Structure Light
1
 FG VOC, mV JL
2
, mA cm
-2
 FF, % 
Control sample (Control) 
Al/pn
+
-Si/Ti/TiO2/Pt Red No 489 21.2 60.4 
Carrier selective back contact (CS-1) 
Al/nc-Si:B/SiOX/pn
+
-Si/Ti/TiO2/Pt Red No 516 22.1 63.6 
Carrier selective back & front contacts (CS-2) 
Al/nc-Si:B/SiOX/p-Si/SiOX/nc-Si:P/Ti/TiO2/Pt 
Red No 536 22.7 55.3 
Red Yes 571 23.6 62.7 
White Yes 584 33.2 61.3 
1White and red light correspond to the simulated light with AM1.5G and AM 1.5G with 635 nm cut-off filters, respectively. 5 
2
Note that JL corresponds to the photocurrent value measured at 0V vs. RHE. 6 
An interesting phenomenon is that the fill factor (FF) of the CS-2 sample significantly 7 
decreased to 55.3% even though the Vph and JL of the CS-2 configuration surpass those of the 8 
CS-1 and the control. Particularly, the CV curve of CS-2 shows an increased slope in the 9 
saturation photocurrent region, whereas the slope near open-circuit voltage point is quite 10 
similar to the other samples. This strongly indicates the presence of shunt paths. Since the 11 
photocathode sample CS-2 with a carrier selective contact only at the back side showed a 12 
relatively flat slope in saturation current region, it seems that the decrease of the shunt 13 
resistance is mainly attributed to processing techniques on the top layers. One potential cause 14 
could be imperfect SiO2 growth on the Si surface, which could lead to direct contact of c-Si 15 
with P-doped nc-Si layer. However, this effect is probably negligible, since the CS-1 sample 16 
also had this same procedure done on one of its interfaces, and the results show no noticeable 17 
shunt resistance. Alternatively, this shunt resistance could be related to defects formed during 18 
the TiO2 sputtering process. I.e. Sputtering damage could be sustained be the the P-doped nc-19 
Si and/or SiO2 layers forming shunt paths. As a mitigation method, a forming gas (FG) 20 
annealing process was chosen. This is a well-known defect passivation treatment for  Si 21 
devices since it saturates trap sites in the damaged film with hydrogen atoms [22,30]. As 22 
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shown in Figure 4b, sample CS-2 with FG post-annealing treatment exhibits an additional Vph 1 
of 37 mV, reaching a value of ~571 mV vs. RHE with comparable FF (62.7%) to that of 2 
control sample and CS-1, whereas CS-2 with FG annealing treatment prior to the TiO2 3 
protection layer deposition process shows no significant change in CV curves (Figure S2). 4 
The FG treatment for Si-based device is widely used [9,19,21], and the FG annealing effect 5 
and on performance of the MOS-based device are discussed in previous studies [22,26,31]. 6 
Nevertheless, our results suggest that the sputtering process for deposition of the TiO2 7 
protection layer is a critical step which may damage the carrier-selective contact. 8 
It is also worth noticing that under AM1.5 full spectrum the CS-2 electrode showed a Vph of 9 
584 mV with JL of ~33.2 mA cm
-2
. To the best of our knowledge, this is among the highest 10 
Vph and JL observed for a lab scale c-Si based photocathode performing HER (note that M. 11 
Kast et al. showed a Vph of 618 mV using commercial c-Si cell [14]). In particular, rapid 12 
increase in photocurrent resulted in a maximum power point (VPmax) of 0.43 V representing a 13 
FF above 61%, which is amongst the highest values attained on MOS-based c-Si 14 
photocathodes for HER. A high fill factor is extremely important for high efficiency 15 
Figure 4. CVs of Si photocathodes (a) with conventional pn
+
-junction (control; black),   
carrier-selective contact at the back side (CS-1; red), and carrier-selective contacts at both 
front and back side (CS-2; blue) under red light (λ ≥ 635 nm; 38.6 mW cm-2). CS-2 sample 
showed improved photocatalytic HER performance after FG treatment (b) having Vph of 572 
mV with increased fill factor (64%). Note that CV curve with dashed purple corresponds to 
the CS-2 sample under full spectrum with AM 1.5G filter (100 mW cm
-2
).  
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photoelectrcatalytic water splitting devices because it has a dramatic effect on the solar-to-1 
hydrogen efficiency due to the steep increase in operating photocurrent densities [32]. 2 
Interestingly, the observed photocurrent is lower than expected considering the irradiance of 3 
the full spectrum (~ 42 mA cm
-2
 under 100 mW cm
-2
 [10]), and this is likely partially due to 4 
the finite light absorption property of the nc-Si layer (Figure 3a) and the water absorption [33] 5 
at the low wavelength range.  6 
Figure 5 shows the long-term photocatalytic HER stability at a fixed applied potential (0.4 V 7 
versus RHE) of the forming gas treated CS-2 photoelectrode. It can be seen that the sample 8 
showed initial degradation during the first day likely due to loss of Pt [24] and/or adsorption 9 
of impurities [8]. However, no clear sign of further degradation was observed for the 10 
following 40 days of continuous illumination confirming a stabilized photocurrent of 18 mA 11 
cm
-2 
(with red light illumination). To discern if the degradation in current was caused by the 12 
catalyst loss and/or absorption of impurities, a CV test for the re-platinized sample was done 13 
under the same operating conditions. Since the CV of the re-platinized sample recovered its 14 
photocatalytic activity, the initial degradation in photocurrent is not attributed to the 15 
degradation of the Si device. Note that the sample surface was rinsed with deionized water 16 
and piranha solution prior to the re-platinization to remove any organic impurities that may 17 
Figure 5. CA of the FG treated CS-2 sample measured at 0.4 V vs. RHE in 1M HClO4. Initial 
CV prior to the CA measurement (black), CV after 3 weeks (blue), after 41 days (red), and 
CV from a re-platinized sample after the long-term CA test (grey) also can be found in inset. 
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have accumulated as previously described [8,24]. It is interesting that the onset potential 1 
stayed the same, while the saturation current increased after the cleaning and re-platinization.  2 
In comparing this long-term stability result to our previous work on ALD (atomic layer 3 
deposition) TiO2 protected pn
+
-Si [24], an interesting difference is evident. In the present 4 
work the sample showed stable photocurrent for more than 40 days, whereas in the ALD case 5 
the sample showed gradual decrease in photocurrent starting after 20 days. We attribute this to 6 
different encapsulation: In the present  work, the sample was encapsulated with epoxy, 7 
whereas back-side of the sample in the previous work [24] was encapsulated with Ethylene-8 
vinyl acetate (EVA) based hot-melt glue, which may decompose during a long-term stability 9 
test in a highly oxidizing acid environment.  10 
4. Conclusions 11 
We have demonstrated that the c-Si/SiOX/nc-Si is an efficient carrier selective contact design 12 
and that coupling with a TiO2 protection layer is suitable for photocathodic hydrogen 13 
production in an acidic aqueous solution. By comparing with the control pn
+
-Si photocathode, 14 
improved photovoltage and photocurrent were achieved because of the built-in energy barrier 15 
formed by oxide and wide gap nc-Si layers, leading to the selective injection of minority and 16 
majority carrier to solid/liquid interface and back contact, respectively. Interestingly, a 17 
forming gas annealing treatment resulted in additional improvement in performance reaching 18 
Vph of 584 mV (571 mV with 635 nm cut-off filter), which is the highest value reported to 19 
date for a MOS-based c-Si photocathode under HER condition. Furthermore, long-term 20 
photostability of the sample with carrier selective contacts over 40 days showed that this 21 
device architecture is promising to successfully substitute the conventional pn-junction based 22 
Si photoelectrode. However, plenty of room remains for optimizing process parameters, since 23 
the-state-of-the-art PV cell with similar design shows Vph of 690 mV indicating that despite 24 
the good performance achieved, there is still a further ~100 mV to be had from a Si-based 25 
photocathode. 26 
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Table 1. Structure of samples used in present work and PEC performance under light 
illumination. 
Structure Light
1
 FG VOC, mV JL
2
, mA cm
-2
 FF, % 
Control sample (Control) 
Al/pn
+
-Si/Ti/TiO2/Pt Red No 489 21.2 60.4 
Carrier selective back contact (CS-1) 
Al/nc-Si:B/SiOX/pn
+
-Si/Ti/TiO2/Pt Red No 516 22.1 63.6 
Carrier selective back & front contacts (CS-2) 
Al/nc-Si:B/SiOX/p-Si/SiOX/nc-Si:P/Ti/TiO2/Pt 
Red No 536 22.7 55.3 
Red Yes 571 23.6 62.7 
White Yes 584 33.2 61.3 
1White and red light correspond to the simulated light with AM1.5G and AM 1.5G with 635 nm cut-off filters, respectively. 
2
Note that JL corresponds to the photocurrent value measured at 0V vs. RHE. 
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